Psychopaths show a reduced ability to recognize emotion facial expressions, which may disturb the interpersonal relationship development and successful social adaptation.
Introduction
Psychopathy is characterized by the presence of callous and unemotional personality traits (Hare, 2003) . The apparent emotional insensitivity of psychopaths is thought to be closely related to a reduced ability to discriminate affective cues in others, which in turn may disturb the normal development of interpersonal relationships and successful social adaptation (Blair, 2006; Blair & Coles, 2000; Corden, Critchley, Skuse, & Dolan, 2006) .
There is strong evidence to suggest that the recognition of fearful and sad emotional facial expressions is impaired in psychopathy (Blair & Coles, 2000; Blair, Colledge, Murray, & Mitchell, 2001; Dadds et al., 2006; Dolan & Fullam, 2006; Mitchell, Avny, & Blair, 2006; Montagne et al., 2005; Stevens, Charman, & Blair, impairment of emotional processing, as opposed to a specific deficit in the processing of negative cues (Cleckley, 1976; Herpertz et al., 2001 ).
Emotional face processing involves a distributed brain network, including occipital areas, the fusiform gyrus, the amygdala and prefrontal regions (Haxby, Hoffman, & Gobbini, 2000; Ishai, Schmidt, & Boesiger, 2005) . The activity in the elements of this network is modulated via their well-established reciprocal connections (Fairhall & Ishai, 2007; Pessoa, McKenna, Gutierrez, & Ungerleider, 2002; Pujol et al., 2009 ). The amygdala is central to emotional face recognition due to its specific role in stimuli saliency detection (Adolphs, 2008; Davidson, Putnam, & Larson, 2000) .
The hypotheses generated from the large body of behavioral data commonly point towards an association between the deficit in facial affect recognition and amygdala dysfunction in antisocial individuals (Marsh & Blair, 2008a) . In support of this notion, neuroimaging studies have found abnormal amygdala response to fearful facial expressions (Jones, Laurens, Herba, Barker, & Viding, 2009; Marsh et al., 2008b) in children and adolescents showing callous-unemotional traits. In normal student populations, subjects scoring above average on callous-unemotional traits in the Psychopathy Personality Inventory showed reduced amygdala and medial frontal cortex activation (Gordon, Baird, & End, 2004; Han, Alders, Greening, Neufeld, & Mitchell, 2011) together with increased visual cortex and prefrontal cortex activation (Gordon et al., 2004) during the processing of emotion facial expressions. Despite this evidence, very few imaging studies have been conducted in adult populations that formally satisfy psychopathy criteria. One study reported abnormal activity in visual regions in response to fearful and happy faces in criminal psychopaths (Deeley et al., 2006) .
There is increasing evidence that brain alterations in psychopathy also involve neural connectivity. We recently identified reduced functional connectivity between frontal and posterior cingulate cortices in criminal psychopaths under resting-state imaging conditions (Pujol et al., 2011) . Aberrant functional connectivity of the posterior cingulate cortex has also been identified during an auditory target detection "oddball" task in association with interpersonal and affective symptoms of psychopathy (Juárez, Kiehl, & Calhoun, 2012) . Another study demonstrated abnormal microstructural integrity in the uncinate fasciculus, which is the white matter pathway linking the anterior temporal and amygdala region with the orbitofrontal cortex (Craig et al., 2011) . Motzkin et al. (2011) confirmed both reduced structural integrity in the right uncinate fasciculus and reduced functional connectivity of the frontal cortex with both the amygdala and posterior cingulate cortex. Specifically using emotional face stimulation, Marsh et al. (2008b) identified reduced functional connectivity between the amygdala and ventromedial prefrontal cortex during the processing of fearful expressions in their children and adolescents with callous-unemotional traits.
The primary aim of the current study was to comprehensively examine brain activation and functional connectivity responses in criminal psychopaths when performing a validated emotional face-recognition task (Hariri, Bookheimer, & Mazziotta, 2000) . This task served to assess implicit processing of general emotional stimulation in psychopaths, including both positive and negative emotional cues. Our hypothesis was that psychopaths would demonstrate a disruption between putative emotional and cognitive components of the face-processing network. Specifically, we predicted that they would demonstrate reduced functional connectivity between the
Methods and Materials

Participants
Twenty-two psychopathic men (Hare, 2003) with a documented history of severe criminal offense were assessed and compared to 22 non-offender control subjects. Characteristics of both samples are fully described in Table 1 and in the previous report (Pujol et al., 2011) .
A total of 105 convicted subjects were initially evaluated using a comprehensive clinical protocol. The sample showed a mean Psychopathy Checklist-Revised (PCL-R) score (Hare, 2003) of 27.8 and served to select individuals for fMRI evaluation according to the following criteria (i) total PCL-R score greater than 20 or PCL-R Factor 1 greater than 10, (ii) documented severe criminal offense, (iii) absence of DSM-IV Axis I diagnosis with the exception of past history of substance abuse, (iv) absence of DSM-IV Axis II diagnosis, apart from Antisocial Personality Disorder, (v) absence of symptomatic medical and neurological illness, (vi) normal IQ according to WAIS-III-R (Wechsler, 1997) (sample total IQ, mean + SD, 108 + 14), and (vii) obtaining subject-specific full administrative permissions and special police custody during the consistency of the assessment was tested for the whole 105-subject sample obtaining a Cronbach's alpha coefficient of 0.79 (inter-item correlation mean, 0.36) for PCL-R total score. None of them had a sexual offense record.
Substance use/abuse and medical records. Although we sought to recruit a group of relatively "pure" psychopaths, we avoided excessive subject exclusion from associated medical factors in an attempt to maximally provide a generally representative inmate psychopath population. No subject had consumed alcohol (except for one sporadic consumer) or relevant amounts of psychoactive substances for at least two months prior to the assessment (verified using drug-urine testing). A total of 5 individuals showed a past history of alcohol abuse and 15 individuals had been sporadic consumers of alcohol. Sixteen individuals had a past history of other psychoactive substance use.
None of the subjects had suffered from any relevant symptomatic medical illness prior to the study. A total of 4 individuals showed positive testing for asymptomatic HIV, 4 additional individuals for asymptomatic hepatitis B virus and 3 for asymptomatic hepatitis C virus. None of them presented with neurological complications.
The sample of healthy non-offender subjects were recruited from the community matching the psychopathy group by age, sex and scores on the Vocabulary subscale of WAIS-III and also underwent a comprehensive medical and psychiatric assessment (see Table 1 ). All cases and control subjects gave written informed consent after receiving a complete description of the study, which was approved by local research and ethics committees (IMIM Hospital del Mar, Barcelona, and Hospital Universitari Arnau de Vilanova, Lleida). The investigation was carried out in accordance with the Declaration of Helsinki.
Emotional Face Matching Task
Subjects were assessed using a modified version of the emotional face-matching task originally reported by Hariri et al. (2000) . The task was identical to that described in our previous studies (Cardoner et al., 2011; Pujol et al., 2009) . Briefly, during each five-second trial, subjects were presented with a target face (center top) and two probes faces (bottom left and right) and were instructed to match the probe expressing the same emotion to the target by pressing a button in either their left or right hand. An fMRI block consisted of six consecutive trials in which the target face was either happy or fearful, and the probe faces included two out of three possible emotional faces (happy, fearful and angry). As a control condition, subjects were presented with five-second trials of ovals or circles in an analogous configuration and were instructed to match the shape of the probe to the target.
A total of six 30-second blocks of faces (three happy and three fearful) and six 30-second blocks of the control condition were presented interleaved in a pseudorandomized order. A fixation cross was interspersed between each block. The paradigm was presented visually on a laptop computer running Presentation software (http://www.neurobehavioralsystems.com). MRI-compatible high-resolution goggles (VisuaStim Digital System, Resonance Technology Inc., Northridge, CA) were used to display the stimuli. Subjects' task responses were registered using a right and a left hand response device based on optical fiber transmission (Nordic Neuro Lab, Bergen, Norway). Imaging data were transferred and processed on a Microsoft Windows platform running MATLAB version 7 (The MathWorks Inc, Natick, Mass). Image preprocessing was performed in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/), and involved motion correction, spatial normalization and smoothing using a Gaussian filter (full-width, halfmaximum, 8 mm). Data were normalized to the standard SPM-EPI template and resliced to 2 mm isotropic resolution in Montreal Neurological Institute (MNI) space.
Image Acquisition and Preprocessing
We excluded data from one psychopathic individual and one control from the larger original samples of 23 subjects, because of technical problems during fMRI.
Statistical Analyses Behavioral
The Statistical Package for the Social Sciences (SPSS) version 15.0 was used.
Behavioral measurements were compared using independent sample Student t-test. Task performance was analyzed using repeated measures ANOVA with "accuracy" and "reaction time" (fearful faces, happy faces and shapes) as the within-subject factor and "study group" (controls, psychopaths) as the between-subject factor to assess interactions.
Functional MRI
Main task effects
First-level (single-subject) SPM contrast (.con) images were estimated for the following three tasks effects of interest; all faces>shapes, fear faces>shapes and happy faces>shapes. Four regressors were used in these analyses to model conditions separately corresponding to fearful, happy, shapes and baseline. A hemodynamic delay of 4 seconds was considered and a high-pass filter was used to remove low-frequency noise (1/128 Hz). The resulting 1 st -level contrast images were then carried forward to subsequent 2 nd -level random-effects (group) analyses. One-sample t-test was used to assess the main task effects and two-sample t-test to assess group differences within the network activated by the task (identified with a group conjunction analysis).
Psychophysiological interactions analysis
One established method for characterizing functional connectivity within brain networks in the context of experimental tasks is "psychophysiological interaction" (PPI)
analysis (Friston et al., 1997) . Using PPI analysis, abnormal functional connectivity between key regions of the "face processing network" has been characterized in social phobia (Danti et al., 2010; Pujol et al., 2009) , autism spectrum disorder (Monk et al., 2010 ) and obsessive-compulsive disorder (Cardoner et al., 2011) .
A series of PPI analyses were carried out in SPM5 (Friston et al., 1997) to assess the influence of task (the "psychological factor") on the strength of functional coupling ("functional connectivity") between the amygdala and the emotional face network (voxels activated during task), and between the network (selected ROIs) and the amygdala.
The placement of source ROIs was determined from a global (group-combined) analysis of the "all faces >shapes" contrast. The fMRI signal time course was extracted at peak activation for right (x, y, z: 32, -86, -8) and left (-22, -92, -8) visual cortices; right (40, -54, -22) and left (-40, -56, -26 ) fusiform gyri; right (28, 0, -26) and left (-22, -2, -26) amygdalae, and right (50, 22, 22) and left (-46, 20, 24) prefrontal cortices. The fMRI signal time course for each selected ROI was obtained using the first eigenvariate value from a 4 mm radial sphere placed on these anatomical coordinates.
As in previous studies (Cardoner et al., 2011; Pujol et al., 2009 ), a 1 st -level analysis was performed for each subject to map areas where fMRI signal was predicted by the cross-product (PPI interaction term) of the "physiological" (deconvolved time course of the given ROI) and the "psychological" factors (regressors representing the experimental paradigm). Separate models were performed for the contrasts all faces>shapes, fearful faces>shapes and happy faces>shapes. Both the physiological and the psychological factors were included in the final SPM model as confound variables.
First-level individual contrast images were then included in a 2 nd -level randomeffects (group) analysis to assess task-induced reciprocal functional connectivity between the amygdala and the emotional face network. Amygdala to emotional face network connectivity was masked by task activation map (group conjunction analysis) and network (selected ROIs) to amygdala connectivity by an anatomical mask of the amygdala created with the Wake Forest University (WFU) pickAtlas (Maldjian, Laurienti, Kraft, & Burdette, 2003) . Although our primary target was the amygdala, connectivity for each selected ROI was additionally explored within the entire emotional face network (see Supplementary material).
Correlation analysis
Voxel-wise correlation analyses were performed in SPM5 to map the association between psychopathy severity (using total PCL-R scores, Factor 1 and Factor 2 as regressors) and both brain activation and task-induced functional connectivity in the psychopathy group.
Thresholding criteria
Group-level brain activation and task-induced functional connectivity maps were thresholded at P False Discovery Rate-FDR < 0.05 whole-brain corrected. Between-group differences and within-group correlations within the network of interest were considered significant when involving a minimum cluster extension of 200 voxels at p< 0.01 uncorrected.
Results
Behavioral performance
Control subjects and psychopaths showed a similar performance during the emotional face task (see Table 2 ). There was no significant interaction between study group and task condition with regards to task accuracy (F (2, 84)= 1.3, P= 0.27), nor a significant main effect of group (F (1, 42)= 1.3, P= 0.26). There was, however, a main effect of task condition (F (2, 84)= 4.7, P< 0.01) to which overall accuracy for fearful faces was lower than for happy faces (p= 0.04) and shapes (p= 0.009).
There was no significant interaction between study group and task condition with regards to reaction time (F (2, 84)= 0.2, P= 0.82) and no significant main effect of group (F (1, 42)= 0.2, P= 0.63). There was a main effect of task condition (F (2, 84)= 165.1, P< 0.0001) to which reaction time for fearful face was slower than for both happy faces (p< 0.0001) and shapes (p< 0.0001), and happy faces slower than shapes (p< 0.0001).
Functional MRI
Brain response to emotional faces
Brain activation for the "faces>shapes" contrast in both groups bilaterally included a large extension of the visual cortex, the fusiform gyrus, the posterior part of the parietal lobe, the hippocampus, superior brainstem and medial and lateral prefrontal areas. Additional activation was identified in the right amygdala in control subjects, but not in psychopaths. Psychopaths, on the other hand, showed significant activation in the basal ganglia and thalamus. Between-group comparisons showed that relative to control subjects, psychopaths demonstrated significantly greater activation of visual areas, medial frontal cortex and the left prefrontal cortex (see Figure 1 and Table S1 ). No brain region showed significantly greater activation in control subjects.
Separate analyses for the contrasts "fearful faces>shapes" and "happy faces>shapes" both showed a brain activation pattern similar to the pattern obtained for the "all faces>shapes" contrast. Between-group comparisons also demonstrated significantly greater activation of visual areas, medial frontal cortex and the left prefrontal cortex in psychopaths relative to control subjects (see Table S2 ).
To test post-hoc a potential effect of task difficulty on group differences in brain activation, we repeated the analyses for the contrasts "fearful faces>shapes", "happy faces>shapes" and "all faces>shapes" using accuracy and reaction time measurements as covariates. We found comparable results before and after the covariation, which indicates no relevant task difficulty effect.
Functional connectivity (PPI) analysis
With this analysis, we set out to test for group differences in reciprocal functional connectivity between the amygdala and other key components of the emotional face processing network. We report results for "all faces>shapes" contrast only, as separate analyses for fearful and happy conditions showed amygdala connectivity changes comparable to the global (all faces) pattern.
Functional connectivity between amygdala and emotional face network. We found consistent task-induced functional connectivity between the left amygdala (seed) and both the visual cortex and left fusiform gyrus only in control subjects (see Figure 2 and Table S3 ). A between-group comparison confirmed that psychopaths had a significant reduction in functional connectivity between the left amygdala and visual areas, the fusiform gyrus, parietal/frontal cortices and the thalamus (see Table S4 ). No significant within or between-group findings were observed in the right amygdala PPI analysis.
Functional connectivity between network ROIs and amygdala. (i) PPI analyses
centered on the visual extrastriate regions did not demonstrate significant functional connectivity with the amygdalae.
(ii) The fusiform gyri did not show significant taskinduced functional connectivity with the amygdalae in any group (no main effects), but between-group differences were significant for the right fusiform gyrus analysis. That is, because control subjects showed a tendency towards increased connectivity between the right fusiform gyrus and amygdalae and psychopaths showed the opposite pattern, there was a significant between-group difference in the functional connectivity of these regions ( Figure 3 ). (iii) Finally, the prefrontal regions also showed no evidence of significant task-induced functional connectivity with the amygdalae.
The complete PPI analyses results for the visual extrastriate cortex, fusiform gyrus and prefrontal regions are reported in Table S3 and Table S4 .
Correlation with the severity of psychopathy
We found a significant positive correlation between PCL-R Factor 1 and frontal cortex activation in the psychopathy group. The anatomy of this finding partially overlapped with areas showing abnormally increased activation in this group (see Figure 4 , Table S5 ). By contrast, PCL-R Factor 2 was negatively correlated with taskactivation in fronto-parietal cortex, visual areas and diencephalic-mesencephalic structures. The correlation analysis was repeated controlling for total months spent in prison. A similar correlation strength was observed with regards to PCL-R Factor 1 (e.g., r=0.72 without control vs r=0.72 controlling for incarceration time in medial prefrontal cortex), but the correlations were no longer significant for PCL-R Factor 2.
These results indicate that the severity of the interpersonal and affective deficits (Factor 1), as opposed to antisocial behavior (Factor 2) and incarceration time, accounted for increased frontal activations during emotional face processing. PCL-R total scores were not significantly correlated with task activation measurements.
PCL-R total scores, Factor 1 and Factor 2 were not significantly correlated with task-induced functional connectivity measurements.
Discussion
We have conducted a functional neuroimaging study comparing criminal psychopaths and control subjects during the execution of an emotional-face matching task. While behavioral performance was similar between the two groups, fMRI findings revealed relevant differences suggesting a generally distinct neural processing of this emotional stimulation. On the one hand, psychopaths showed greater activation of neocortical areas involving both visual and prefrontal cortices, whereas they also showed a reciprocal decrease in task-induced functional connectivity between the amygdala and the visual and prefrontal cortices. The observed pattern of results suggests that differences in the neural processing of emotional faces may combine both deficient (limbic) and compensatory (neocortical) operations. Relevantly, further correlation analyses revealed a positive association between PCL-R scores Factor 1 and brain activation in areas mostly related to the putative compensatory processes.
Behavioral studies assessing the recognition of emotional face expressions have generally reported performance deficits in psychopaths and individuals with psychopathic traits (Blair et al., 2001; Blair et al., 2004; Dadds et al., 2006; Dolan & Fullam, 2006; Kosson et al., 2002) , which seem to contrast with our current findings.
However, it is likely that the discrepancy is explained by the implicit, as opposed to explicit, emotional processing demands of our face matching task. That is, participants in our study were instructed to perceptually match correct face expressions, rather than to explicitly label each emotional expression. Supporting this interpretation, other fMRI studies have generally reported an absence of performance deficits in such populations in the context of implicit emotional face processing tasks (Deeley et al., 2006; Jones et al., 2009; Marsh et al., 2008b) .
The explicit component in the current task involves the visual matching of facial features, which notably relies on visual perceptual (neocortical) abilities (Goodale & Milner, 1992) . Performance success in the psychopath group may arguably be related to the efficient use of visual and frontal cortex resources. Prior functional imaging studies have reported cortical hyperactivity during other emotional tasks in psychopath cohorts (Glenn et al., 2009; Intrator et al., 1997; Kiehl et al., 2001; Müller et al., 2003) , which has been generally interpreted as reflecting compensatory neural operations.
Importantly, the implicit component in our task involves an inherent limbic system (hippocampus and amygdala) engagement due to the biological salience of human emotional faces (Hariri et al., 2000) . Our findings suggest that this implicit limbic system engagement is disrupted in psychopaths. Amygdala activation during the task was only significant in control subjects, while functional connectivity between the amygdala and cortical regions was significantly reduced in psychopaths. To this end, a relevant question emerges with regards to the context to which emotion brain processing is deficient in psychopaths. According to Newman's response modulation theory, the neural processing of visual emotional content should be less altered in psychopaths if emotional cues are the central focus of attention (Glass & Newman, 2009; Hiatt, Schmitt, & Newman, 2004; Newman, Curtin, Bertsch, & Baskin-Sommers, 2010) . In other words, the implicit nature of our task may have contributed to emphasize emotional system deficiencies in psychopaths showing an overselective attention (Hiatt et al., 2004) .
The visual occipito-temporal cortex and the amygdala are tightly coupled during face perception (Fairhall & Ishai, 2007; Haxby et al., 2000; Smith et al., 2009 ).
Functional connectivity with the fusiform gyrus is strengthened specifically by emotional faces (Fairhall & Ishai, 2007) and modulated by anxiety-related personality traits (i.e., harm avoidance and sensitivity to punishment) and emotional abilities in general (Japee, Crocker, Carver, Pessoa, & Ungerleider, 2009; Pujol et al., 2009) , which are known to be blunted in some psychopathic individuals (Cleckley, 1976; Hare, 2003) . Overall, our finding of a functional connectivity reduction within the visualfusiform-amygdala pathway is consistent with the studies reporting reduced affective responses to facial expressions in psychopaths (Blair, Jones, Clark, & Smith, 1997; Herpertz et al., 2001; Levenston et al., 2000; Marsh et al., 2011; Patrick, Bradley, & Lang, 1993) . More broadly, a disruption of amygdala functional connectivity is consistent with the abundant data suggesting that amygdala alterations contribute prominently to impaired stimulus-reinforcement learning in psychopaths (Birbaumer et al., 2005; Blair, 2006; Kiehl et al., 2001 ).
Our data, therefore, may assist in further delineating the functional anatomy of disturbed neural processing of emotional stimulation in psychopaths. Importantly, functional connectivity disruption may occur at multiple stages of the normal emotion processing flow. Indeed, the alteration between visual input areas and the amygdala observed in the present study implicates a pathway relevant for the detection of stimulus saliency (Adolphs, 2008) . Other studies have previously demonstrated anatomical and functional disruption between the anterior temporal/amygdala region and the orbitofrontal cortex (Marsh et al., 2008b; Motzkin et al., 2011) . This processing pathway is relevant to signal stimulus reinforcing value (reward expectancies) in the context of associative learning (Baxter, Parker, Lindner, Izquierdo, & Murray, 2000; Schoenbaum, Chiba, & Gallagher, 1998; Schoenbaum, Setlow, Saddoris, & Gallagher, As mentioned above, this study is limited in that we explored neural processes related mainly to implicit emotional processing and used a task that may better assess the effect of general emotional stimuli than the effect of single emotions, as two different emotional expressions are presented in each trial. Also, the potential effect of incarceration on brain function was not controlled for using an additional control group of non-psychopathic prison inmates. The results of our correlation analysis suggest that subjects' confinement can indeed modulate the association between antisocial behavior (PCL-R Factor 2) and brain activation. Nevertheless, our findings indicated that the interpersonal and affective traits in psychopaths (PCL-R Factor 1) accounted for cortical activation changes with little influence from the length of the incarceration period.
In conclusion, the neural response to emotional-face matching in criminal psychopaths involved an increase in neocortical activation combined with reduced taskrelated functional connectivity between the cortex and the amygdala. We propose that psychopaths were capable of performing the task similar to control subjects by marshaling greater involvement of neocortical perceptual resources, but that the ultimate input to the limbic system was weakened. Therefore, callous and unemotional psychopaths do appear to exhibit a deficit in the neural processing of emotional stimuli, which is in broad agreement with the notion that psychopaths display low "somatic" PCL-R Total, mean + SD 0.8 ± 1.9 *27.8 ± 4.5 PCL-R Factor 1, mean + SD 0.4 ± 1.1 *12.5 ± 2.2 PCL-R Factor 2, mean + SD 0.3 ± 0.6 *13.2 ± 4.7
Comorbidities:
DSM-IV-R Axis I diagnosis# none none
Hamilton Depression score, mean + SD 0.4 ± 1.0 *1.9 ± 2.1
Hamilton Anxiety score, mean + SD 0.8 ± 1.1 1.8 ± 3.2 Y-BOCS total score, mean + SD 0 ± 0 0.5 ± 2.2 DSM-IV-R Axis II diagnosis (except APD) none none Impulsiveness Scale, total score, mean + SD 34 ± 15 *53 ± 23
Sensitivity to Punishment, mean + SD 5.8 ± 4.9 8.1 ± 5.5
Sensitivity to Reward, mean + SD 7.1 ± 4.6 *11.9 ± 5.5 Coordinates (x, y, z) are given in Montreal Neurological Institute (MNI) space. CS, Cluster size. * part of the large cluster.
